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t r a c t
Single phase ceramics of cobalt manganese oxide spinels Mn 3Àx Co x O 4 were structurally characterized by neutron powder diffraction over the whole solid solution range. For x < 1.75, ceramics obtained at room temperature by conventional sintering techniques are tetragonal, while for x ! 1.75 ceramics sintered by Spark Plasma Sintering are of cubic symmetry. The unit cells, metal-metal and metal-oxygen average bonds decrease regularly with increasing cobalt content. Rietveld refinements using neutron data show that cobalt is first preferentially substituted on the tetrahedral site for x < 1, then on the octahedral site for increasing x values. Structural methods (bond valence sum computations and calculations based on Poix's work in oxide spinels) applied to our ceramics using element repartitions and [M-O] distances determined after neutron data refinements allowed us to specify the cation distributions in all phases. occupy the octahedral site. The electronic conduction mechanisms in our highly densified ceramics of pure cobalt and manganese oxide spinels are explained by the hopping of polarons between adjacent Mn 3þ /Mn 4þ and Co 2þ /Co III on the octahedral sites.
Introduction
Manganese-based oxide spinels are useful in many application fields (transport, telecommunication, medicine, energy.) due to their element abundance, low cost and toxicity, and electrical characteristics. These materials are often used as negative temperature coefficient (NTC) thermistors in microelectronic systems due to their non-linear resistivity variation with temperature [1] [2] [3] [4] .
Although MnCo 2 O 4 and CoMn 2 O 4 powders and thin films have been the subject of various structural, electrochemical and magnetic studies, little has been done, to our knowledge, to fully characterize Mn 3Àx Co x O 4 ceramics over the whole solid solution range [5] [6] [7] [8] . In most cases, details of the preparation method (synthesis, thermal treatment, processing) are minimal. However, it is a critical point in the control and understanding of the chemical and physical properties of these materials. For instance, there has been different cation distributions proposed in the literature for the sample MnCo 2 O 4 [6, [8] [9] [10] [11] . Many types of cations can be inserted into the spinel crystal structure. A large variety of ionic radii and valence states can coexist in the spinel form and an element can present different oxidation states (and spin states) on the tetrahedral and/or octahedral sites [18, 19] . Thus, the cation distribution in oxides of spinel structure is generally complex to identify as the valence and coordination polyhedra are depending on steric and energetic considerations that are also related to their environment [20] . The cation with the larger radius will generally be inserted into the tetrahedral site for cations with þ2 and þ3 oxidation states, while it will be inserted into the octahedral site for þ2 and þ4 oxidation states [21] . The cation distribution in spinels is also directly influenced by the thermal treatment. For instance, the quenching of a sample at room temperature can fix a distribution that is usually out of its thermodynamic equilibrium when slowly cooled.
The electric and magnetic properties of cobalt and manganese spinel oxides are closely related to the cation arrangements and oxidation states in the two crystallographic sites. X-ray diffraction technique does not allow distinction between the cobalt and manganese elements due to their similar atomic form factors. However, neutron diffraction technique can be really useful in the determination of the cation repartition since cobalt and manganese neutron scattering lengths have different values and opposite signs. The diffraction peak intensities are particularly sensitive to the inversion parameter variations. It is therefore possible to locate each element on the tetrahedral and octahedral sites. We here report the structural variations and cation distributions of single phase and high density ceramics of Mn 3Àx Co x O 4 composition, for 0 x 3, studied at room temperature. The electronic conduction mechanisms in these cobalt and manganese oxide spinels are discussed for the whole solid solution range.
Experimental

Preparation
In order to prepare powders of cobalt manganese oxide spinels suitable for sintering techniques, cobalt manganese oxalic precursors were obtained by the co-precipitation method of an aqueous solution of 0.2 mol L À1 ammonium oxalate and a mixture of manganese and cobalt nitrates in the desired proportions (4 mol L À1 ) [22] . After 30 min of ageing, the solution was filtered, washed several times with water and dried in air at 90 C. A thermal decomposition in air for 4 h at 800 C of the oxalate precursors was chosen for the formation of oxygen stoichiometric oxide powders (cooling rate of 150 C/h). For x ¼ 0, a manganese sesquioxyde was synthesized while a mixture of (Mn,Co) 2 O 3 and a tetragonal spinel appeared for x ¼ 0.58. For 0.98 x < 1.78 (compositions determined by ICP-AES measurements [22] ), a mixture of tetragonal and cubic spinels were obtained, while for 1.78 x 3 a single cubic spinel was formed at room temperature.
Conventional sintering
The oxide powders were mixed with an aqueous solution of polyvinylic alcohol (17 wt%) used as a binder and pressed at [22] . For 0 x < 1.78, all phases were pure tetragonal spinels. Slower cooling rates (200 C/h down to 30 C/h) always generated a mixture of tetragonal and cubic spinel phases. The manganese-rich oxide spinels quenched from high temperature (T w 1200 C) often exhibited cracks in the pellets. This is not only due to the thermal shock that occurs upon abrupt cooling but also to the cell variation related to the cubic/tetragonal transition. Also, ceramics that did not show cracks to the eye after the sintering process became very brittle and finally cracked after a few weeks when left in air due to sample oxidation. Therefore, these materials were cooled down at 120 C/h from the sintering temperature to a quenching temperature (as low as 800 C for the Mn:Co w 1. 
Spark plasma sintering (SPS)
The heating in an SPS apparatus is created by a current going through the whole sample placed in a conductive matrix and under an axial pressure. The main advantages in comparison with the conventional sintering are to lower the temperature, decrease considerably the experimental time and obtain a very high densification. The powders of Mn 3Àx Co x O 4 (1.78 x 3) were introduced in a 8 mm or 15 mm internal diameter graphite die and put under vacuum (4 Pa). The temperature was measured using a K thermocouple inserted within the matrix and close to the sample. The powders were sintered under 50 MPa for 5 min between 700 and 750 C (50 C/min heating rate), depending on the sample composition, using the Sumimoto 2080 SPS system available at the PNF2 CNRS platform at the University of Toulouse, France. Each thermal cycle took about 25 min. A series of papyex/alumina/papyex layers were put on both sides of the powder for lowering the amount of (Mn, Co)O reduced phase that appeared on the surface of the pellet during a cycle in carbon graphite. In order to remove any oxide impurities, each side of the highly densified ceramics (densification > 95%) was then polished until a single cubic spinel phase (of the same composition than the starting powder) could be identified via XRD and EDS/SEM measurements [22] .
Characterization
Ceramics of cobalt manganese oxide spinels were first characterized by X-ray diffraction using a Bruker D4 ENDEAVOR diffractometer using CuK a radiation (40 kV, 40 mA) and a JEOL JSM 6700F scanning electron microscope (SEM) equipped with an EDX LINK analyzer. The acceleration voltage varied from 0.2 to 30 kV and the images were taken at 5 kV.
Neutron diffraction data were obtained at room temperature on Polaris at the Rutherford Appleton Laboratory, Didcot, UK, and on the Super D2B instrument available at the Institut Laue Langevin, Grenoble, France. Around 0.3-3.5 g of ceramics was ground into powders before insertion into vanadium cylinders for measurements.
The medium resolution and high intensity powder diffractometer Polaris has four detector banks that measure simultaneously: the backscattering and low angle banks using 3 He gas tube detectors, and 90 and very low angle detector banks using ZnS scintillators. Only the time-of-flight data collected from the 58 backscattering detectors, that offer the best resolution over a large range of d-spacings (0.2-3.2 ), and obtained after 30 min-2 h depending on the amount of sample, were used for structural determination. Data were normalized to the incident neutron spectrum and the detector efficiency correction was made using the VA_COR program. Neutron diffraction patterns were also collected at room temperature with the high resolution 2D neutron detector available at the ILL. The Super D2B instrument has a 135 take-off angle and 128 3 He detectors. Powder diffraction patterns were recorded using a 1.5941 Å wavelength in the 10-145 2q domain with a 0.05 step and nine scans of 200,000 Â 1,2 or 4 counts. All neutron data were analyzed for structural determination using the Rietveld method compiled with the FULLPROF program [24] . The parameters refined were, in order: scale factor, first terms of the background, zero shift, cell parameters, peak shape factors, atomic positions, thermal factors, absorption coefficient and site occupancies. An important remark is that refinements performed on Mn 1 w1150 C in the conventional route) and shorter heating time in the SPS process allow preserving the small grain size from the powders to the ceramics. The number of grain boundaries is larger and the ceramic densification higher after SPS treatment [22] . However, it is known that these differences observed in the NTC ceramic microstructures do not have a significant contribution in the conduction mechanisms [25] . Therefore, they will not be considered in this study.
Results and discussion
Diffraction patterns of tetragonal (x ¼ 0.58) and cubic (x ¼ 2.22) spinels after Rietveld refinements are given as examples in Fig. 3 . The cell variation of the single phase Mn 3Àx Co x O 4 (0 x 3) ceramics is represented in Fig. 4 and compared with X-ray data. The cell decrease with increasing x values in Mn 3Àx Co x O 4 thus leads to a compression of the empty octahedral sites. In the tetragonal structure, cations are located on the 4a tetrahedral site with (0, 0.25, 0.875) coordinates and 8d octahedral site with (0, 0.5, 0.5) coordinates, and anions on 16 h with x ¼ 0. In the cubic spinel, cations are located on the 8a tetrahedral site with x ¼ y ¼ z ¼ À0.125 and 16d octahedral site with x ¼ y ¼ z ¼ 0.5, while anions occupy the 32e site. A small variation of the oxygen positions occurs in the tetragonal phase (c/a 0 tends to 1, with a 0 ¼ O2.a tet ), while a linear increase of the u value with increasing cobalt is observed in the cubic phase. The Co substitution drives to a progressive increase of the distance between the oxygen and its ideal position (u ¼ 0.25), in agreement with the literature [26] [27] [28] .
The oxygen thermal displacement parameter increases with cobalt up to the tetragonal/cubic transition limit then largely decreases until the Co 3 O 4 composition. The strong structural distortion at the phase transition creates a large displacement of the oxygen around its average position. In the cubic phase, the increase of the u oxygen thermal displacement parameter is related to the cell parameter decrease due to the Co substitution in Mn 3Àx Co x O 4 , and the space available for the free displacement of the oxygen atoms becomes smaller.
The shortest metal-metal distance variations are shown in Fig. 5a . There are two types of [M B -M B ] distances between adjacent octahedra connected by the edge in the tetragonal phase (one in the cubic spinel), two types of [M B -M A ] distances between adjacent octahedra and tetrahedra connected by corners (one in the cubic spinel) and one type of [M A -M A ] between closest tetrahedra (see Fig. 1 ). These intermetallic distances decrease in average when x varies from 0 to 3. In the oxide spinels, the electronic conduction takes place by hopping of polarons between cations with different oxidation states on an equivalent crystallographic site. Since the [M B -M B ] distances are the shortest, the electronic conduction will preferentially take place along the chains of octahedra.
The decrease of the [M B -M B ] distances with Co substitution over the whole solid solution range should favor the conductivity in those ceramics. However, the Mn-rich and Co-rich oxide spinel ceramics are strongly resistive. Other important factors such as the activation energy and the cation distribution on each site need to be considered for the understanding of the mechanisms of conduction in spinels.
The distances. Neutron data refinements allowed us to identify the manganese and cobalt elements on each polyhedral site. Their proportions are given in Table 1 and the variation of the cobalt concentration on each site with composition is drawn in Fig. 6 mechanisms of cation migration between the different crystallographic sites are activated and the concentration of Mn 3þ in octahedral site diminishes with the manganese ions being reduced and moving towards the tetrahedral sites. Inversely, the cobalt ions present on the tetrahedra tend to migrate to the octahedral environment (99% of Co on the A site and 26% of Co on the B site for a quenching temperature of 800 C, while 80% of Co occupy the A site and 45% for the B site at 900 C). These results confirm previous data published in the literature for MnCo 2 O 4 [29] and remind us of the importance of the sample preparation method for determining its structural and physical properties. The lowering of the temperature before quenching a sample tends to stabilize the normal spinel. Closer to the transition composition, the effects of the quenching temperature are less obvious. For example, the cell parameters of Mn 1.46 Co 1.54 O 4 ceramics are almost identical and c/a 0 ratio varies by only w0.0008 for two different quenching temperatures (900 and 1180 C). The influence of the quenching temperature over the cation organization of this compound is also very small with 90% (88%) and 64% (66%) on the tetrahedral and octahedral sites at 900 C (1180 C), respectively. . Thus, neutron data were used for proving that the latter hypothesis must be the only possible explanation for the structural and physical variations observed in our ceramics. In order to determine the cation concentrations on the B sites we used two structural methods.
First, following Poix's work on orthotitanate and orthostanate spinels [36, 37] It was then possible to compare the experimental cell parameter with the theoretical value for a given cation distribution. Inversely, the cation distribution can be determined starting from the experimental c exp cell value by:
x i , y j : concentrations of i and j ions in the A and B sites, respectively [38] .
[
Metal-Oxygen distances for a cation at a chosen oxidation state in the A and B sites, respectively [36, 37] .
In the tetragonal phase, we used a c 0 exp cell parameter defined 25 x 3) . The individual bond valence sums obtained for two cations of a same element were averaged to the equivalent charge of the element to calculate the cation concentrations on the octahedral site ( Table 3 ). The average oxidation state determined for the B site was then always close to 3.00 (8) . Although the Co 2þ and Mn 4þ were independently refined by the BVS calculations, the results showed a similar trend for both concentrations and the variations of the cation distributions with composition using the two methods of calculation were generally very close. Finally, we compared the cation distributions determined in our ceramics with TGA analyzes performed on the Mn 3Àx Co x O 4 powders (1.99 x 3) used for preparing the ceramics (data to be published) [45] . For each composition of cubic spinel structure obtained at room temperature and measured in air up to 1300 C, two steps of decomposition were observed, corresponding to the reduction of Co III to Co 2þ followed by the reduction of Mn 4þ to Mn 3þ . These results confirmed the general tendencies observed in the variation of the cation concentrations with composition and deduced from the neutron data. Fig. 7 summarizes the cation distribution variations in the B site of Mn 3Àx Co x O 4 determined by the three methods over the whole solid solution. The variation of conductivity with the cobalt content is also given in Fig. 7 
Conclusions
For the first time to our knowledge, structural variation and cation distribution in cobalt manganese oxide spinels have been determined for ceramics over the whole solid solution range. Rietveld refinements of neutron data obtained at room temperature on our single phase ceramics proved that the tetragonal (for x < 1.75) and cubic (for x ! 1.75) cells decrease with cobalt substitution for manganese. The [M-M] hopping distances, shorter between near octahedra connected by edges, also decrease in average. However, this information can not explain in itself the conductivity variation observed in the oxide spinels since the highest conductivity values are measured for 1. ; with 0 £ y £ 0:40:
The novel cation distribution found in the cubic phase was also justified by TGA measurements performed on powders of Mn 3Àx Co x O 4 . For manganese-rich oxide spinels, we showed that the quenching temperature used for sintering our ceramics has a strong influence on the element proportions on each site and cobalt can start to appear on the octahedra before filling up completely the tetrahedral site. On the other end, Co 3 O 4 sintered by SPS technique exhibits some cation disorder that we believe is due to the presence of Co 2þ and Co III /Co 3þ on the octahedral site that favors the electronic conduction through the ceramics. The relationships between the structural and electrical properties of the cobalt manganese oxide spinels described here should be of high interest in the comprehension of the conduction mechanisms involved in such compounds. Spectroscopy techniques such as XAFS, EPR. are envisaged for the confirmation of the cation oxidation and spin states in these complex samples. Further studies on their electrical and magnetic properties are currently underway in order to compare them with other manganese-based oxide spinels. These cobalt and manganese oxide spinel ceramics can be used for future commercial applications as NTC in microelectronic devices and other integrated systems.
